The oncogenic kinase PAK4 was recently found to be involved in the regulation of the G1 phase and the G2/M transition of the cell cycle. We have also identified that PAK4 regulates Ran GTPase activity during mitosis. Here, we show that after entering mitosis, PAK4-depleted cells maintain a prolonged metaphase-like state. In these cells, chromosome congression to the metaphase plate occurs with normal kinetics but is followed by an extended period during which membrane blebbing and spindle rotation are observed. These bipolar PAK4-depleted metaphase-like spindles have a defective astral microtubule (MT) network and are not centered in the cell but are in close contact with the cell cortex. As the metaphase-like state persists, centrosome fragmentation occurs, chromosomes scatter from the metaphase plate and move toward the spindle poles with an active spindle assembly checkpoint, a phenotype that is reminiscent of cohesion fatigue. PAK4 also regulates the acto-myosin cytoskeleton and we report that PAK4 depletion results in the induction of cortical membrane blebbing during prometaphase arrest. However, we show that membrane blebs, which are strongly enriched in phospho-cofilin, are not responsible for the poor anchoring of the spindle. As PAK4 depletion interferes with the localization of components of the dynein/dynactin complexes at the kinetochores and on the astral MTs, we propose that loss of PAK4 could induce a change in the activities of motor proteins.
INTRODUCTION
At the onset of mitosis, cells undergo massive cytoskeleton rearrangements that allow subsequent assembly of a bipolar mitotic spindle, accurate segregation of chromosomes and completion of cytokinesis. Both the actin and the microtubule (MT) networks must coordinate to ensure proper division and partitioning of the two daughter cells. The assembly of the mitotic spindle requires centrosome duplication and an increase in both the nucleation and dynamics of MTs. Progression from prometaphase to metaphase is signaled by chromosome congression to the metaphase plate and formation of the bipolar spindle, that is anchored to the cell cortex through astral MTs. A surveillance mechanism, the mitotic checkpoint, is active until all kinetochores are correctly attached to the MTs emanating from spindle poles. Mispositioning of the spindle inside the cell body induces spindle rotation and delays anaphase onset. Once attachment and tension are properly achieved, the spindle assembly checkpoint (SAC) is silenced and chromosome segregation starts with the onset of anaphase.
PAKs are serine/threonine kinases that were first described as effectors of the small GTPases Rac and Cdc42. PAKs are divided in two subgroups with similar organization but different activation mechanisms, and are believed to have different substrate specificity in vivo. PAKs regulate many cellular functions, including cell survival, morphology, adhesion and motility, in part through the control of both actin and MT networks. During mitosis, PAK1 (subgroup I) regulates the G2/M transition and phosphorylates histone H3, Aurora-A and Plk1 kinases. 1 --3 Furthermore, overexpression of PAK1 in breast cancer cells is linked to the formation of abnormal spindles. In the subgroup II, PAK4 is highly oncogenic, promotes anchorage-independent growth 4 and dominant-negative PAK4 can inhibit transformation induced by Ras. 5 Consistent with these effects, PAK4 is overexpressed in many tumor cells and promotes tumorigenesis in mammals. 6 PAK4 regulates the G1 phase 7 and G2/M transitions. 8 We report here that PAK4 is also required for efficient mitotic progression. We show that PAK4 regulates spindle positioning in the cell during mitosis. PAK4 depletion does not interfere with chromosome congression to the metaphase plate. Loss of PAK4 results in a long metaphase-like arrest characterized by spindle rotation. Depending upon the state of adhesion of the cells, chromosome segregation and normal anaphase will eventually resume. Alternatively, centrosome fragmentation will occur while a subset of chromosomes detach from the metaphase plate, inducing a scattered chromosome phenotype with active SAC. PAK4 depletion induces extensive membrane blebbing, but phospho-cofilinmediated regulation of cortical actin, which is required for spindle anchoring, is not affected by PAK4 depletion, and blebbing inhibition does not prevent PAK4-induced mitotic spindle defects. In PAK4-depleted cells, bipolar metaphase spindles are not properly centered in the cells. This probably results from the poor anchoring of the spindle owing to defective astral MTs. Even though EB1 shows normal staining the MT plus-end tips, the p150
Glued subunit of dynactin does not. Furthermore, dynein does not efficiently localize at kinetochores, and MT attachment to kinetochores is also defective. We propose that mislocalization of components of the dynein/dynactin complex on the spindle mediates mitotic phenotypes induced by PAK4 depletion.
RESULTS

PAK4 depletion lengthens mitosis
We have previously shown that upon release of HeLa cells synchronized at the G2/M transition by Cdk1 inhibitor RO3306, PAK4 depletion induces a G2/M block. 8 We further addressed here the functions of PAK4 later in mitosis by analyzing Luciferase-(Luc, control) or PAK4-depleted nonsynchronized HeLa --H2B --GFP by time lapse videomicroscopy. Once cells enter mitosis, chromosome alignment on the metaphase plate occurs with similar kinetics in Luc-or PAK4-depleted cells (Supplementary Figure 1A -B and Supplementary Movies 1--2). After completion of chromosome alignment, most of the Luc-depleted cells entered anaphase within 20--30 min (Figure 1a and Supplementary Movie 3). In contrast, PAK4-depleted cells remained for extended time in a metaphaselike state. These cells displayed strong cortical activity characterized by the formation of very dynamic membrane blebs (arrowhead) and by the rotation of the spindles visualized by movements of H2B bound chromosomes on the metaphase plate (arrows). Eventually, cells entered anaphase, with delays that were over 60 min for more than 50% of the cells, and completed mitosis (Figures 1a and b and Supplementary Movie 4). In addition, we noticed that 72 h post small interfering RNA (siRNA) transfection many PAK4-depleted cells detached from the plate. As PAK4 regulates both adhesion and apoptosis, 9, 10 we performed an MTT viability test on Luc-and PAK4-depleted cells and found eight times more viable cells present in the supernatant of PAK4-depleted compared with control cells (Supplementary Figure 1C) . These non-adhering cells are mostly defective mitotic cells with scattered chromosomes (data not shown). Plating PAK4-depleted cells on fibronectin significantly reduced the number of cells in suspension (Supplementary Figure 1C) , but did not change the behavior of Luc-depleted cells ( Figure 1a and Supplementary Movie 5). Under these conditions, a similar metaphase to anaphase delay accompanied by cell blebbing was observed in PAK4-depleted cells (Figures 1a and b) . In addition, in up to 20% of the cells, the prolonged metaphase state resulted in one or several chromosomes breaking loose from the established metaphase plates and scattering on the spindle (Figure 1a (arrowhead), Supplementary Movie 6 and Table 1 ).
To examine whether PAK4 depletion-induced mitotic lengthening agreed with biochemical analyses, PAK4 and Luc-interfered cells were synchronized in prometaphase with nocodazole (NZ) and harvested at different time points upon release of NZ (Figure 1c ). The efficiency of the PAK4 siRNA described earlier 8 was at least 95% ( Figure 1c ). In prometaphase (0 min), an electrophoretic mobility retardation corresponding to hyperphosphorylation of the Cdc27 subunit of the anaphase promoting complex and phospho-histone H3 signals (H3 Ser10P) were similar in Lucand PAK4-depleted cells. Cdc27 and histone H3 dephosphorylation indicated that the metaphase to anaphase transition had started by 45 min and was completed by 90 min in control cells. In contrast, in PAK4-depleted cells, significant levels of phosphoCdc27 and phospho-histone H3 were still visible after 90 and even 180 min NZ release. This delay in mitotic exit provoked by the loss of PAK4 was further confirmed by the expression of survivin that usually declines in G1. Survivin level declined by 180 min in Lucdepleted cells, whereas it remained stable upon PAK4 depletion. The prolonged mitotic state was confirmed by a strong phosphohistone H3 signal that was detected in PAK4-depleted but not control depleted asynchronous cells (Figure 1d) .
Thus, in addition to the G2/M delay induced in PAK4-depleted cells that we reported earlier, we show here that PAK4 is required for efficient mitotic progression.
Characterization of defective PAK4-depleted metaphase spindles A number of PAK4 substrates are involved in the regulation of MT and actin cytoskeletons. 11 --13 The Xenopus PAK4 ortholog also monitors the dynamics of actin and MTs in interphase cells 14 and of MTs in mitotic egg extracts. 8 We thus analyzed the tubulin and actin cytoskeleton in Luc-and PAK4-depleted cells (Figure 2a) . Although bipolar metaphase MT spindles were observed in PAK4-depleted cells, their astral MT array was very poorly organized and appeared not to make as many effective contacts with the cell cortex when compared with the control. Spindle poles appeared to be flattened, more diffuse and, as observed by live imaging, spindles were often off-centered, being in close contact with the actin cell cortex, and were not oriented parallel to the substratum ( Figure 2a and Table 1 ).
To better analyze these phenotypes, we costained Luc-and PAK4-depleted cells with several components of the MT spindle. Spindle poles stained for g-tubulin are shown as serial pictures of a Z-stack (Figure 2b ). The two g-tubulin spots were focused in the same sections of a serial stack in controls, but were often separated by more than 8 m in different Z sections in PAK4-depleted cells (Figures 2b and Table 1 ). In these cells the angle between the substrate plane and the long spindle axis varied from 0.4 to 54 degrees compared with 0 to 4.5 degrees in control cells (see also Table 1 ) further confirming that PAK4 expression is required for the correct and stable orientation of the spindle parallel to the substratum. Finally, we noticed that in contrast to Luc-depleted cells, g-tubulin staining was very diffuse in PAK4-depleted cells and resolved in several dots at one or both poles as seen on projection of the stack images ( Figure 2b , arrowheads and Table 1 ) indicating that PAK4 may be required for centrosome cohesion and integrity.
As correct positioning of the MT spindle depends upon interaction of astral MTs with specific areas of the cell cortex, we analyzed the localization of the plus-end tracking MT protein EB1 that promotes MT growth and association with the cell cortex. 15 In control cells, EB1 is associated with the mitotic spindle and decorates the tips of long astral MTs that interact with the cell cortex ( Figure 2c and inset for higher magnification (arrowhead)). In PAK4-depleted cells, EB1 is correctly loaded on MTs and tracks MT plus-end tips, but the astral MTs mostly remained short or even absent on spindles located near the cell cortex (Figure 2c and inset, arrowhead). Membrane blebs are usually devoid of astral MTs (Figure 2c , arrow), although occasionally some MTs could be seen spanning the entire diameter of the cell cytoplasm (data not shown).
In conclusion, PAK4-depleted metaphase cells are characterized by one or several of the following defects: blebbing, spindle rotation, chromosome lagging and loss of centrosome integrity ( Table 1) .
Cotransfection of PAK4 siRNA with HA --GST or HA --PAK4wt shows that PAK4wt largely rescued the different defective mitotic phenotypes (see normal metaphases in Table 2 ). In the remaining defective spindles, the number of defects was also reduced, demonstrating that the loss of PAK4 is responsible for all of the above described mitotic phenotypes (Table 2) . Rescue was also confirmed by the detection of a strong phospho-histone H3 signal in PAK4-depleted cells expressing HA --GST, while reexpression of wt PAK4 reduced the signal to a basal level (Figure 2d ).
The prolonged metaphase-like state upon PAK4 depletion results in chromosome scattering with persistant active checkpoint In agreement with live observations, elongated spindles reminiscent of the anaphase spindles but lacking the MT midzone were observed in fixed PAK4-depleted cells. Instead of the two sets of separating chromosomes seen in control anaphase, chromosomes were often organized as three independant groups, one in the center of the spindle and the two others at the opposite poles of the spindle and in very close contact with the cortical region (Supplementary Figure 2 , chromosome scattering in Table 1 ). EB1 staining was again properly localized on spindle MTs and to the short astral MTs (Supplementary Figure 2A, 
arrowheads).
In addition, the majority of these spindles presented several poles, as shown by g-tubulin staining (Supplementary Figure 2B , arrowheads), but only two dots were stained by centrin (data not shown) indicating that the prolonged metaphase-like delay exacerbated the centrosome fragmentation process rather than causing centriole splitting.
To verify the mitotic status of these spindles with scattered chromosomes, Luc-and PAK4-depleted cells were costained for To better visualize MT/kinetochore interactions, siRNA-transfected cells were cooled at 4 1C for 15 min to induce depolymerization of astral and polar MTs. MT-kinetochore interactions were evaluated on the cold stable kinetochore fibers by CREST and b-tubulin costaining. In Luc-depleted cells, cold treatment revealed stable kinetochore MT bundles, and bipolar attachment of the chromosomes to the spindle was easily seen on the serial images of the Z stack (Figure 3c and inset of slice 6, arrows). In contrast in PAK4-depleted metaphase-like (not shown) and elongated spindles, monopolar and abnormal attachment of kinetochores are seen (Figure 3c and inset of slice 16, arrow). These results demonstrate that in PAK4-depleted cells, proper bioriented attachment of chromosomes was not complete, resulting in prolonged SAC signaling.
As PAK4 depletion induces both defective astral MT/cortex and MT/KT interactions, we next analyzed the localization of the MT minus-end directed motor dynein and dynactin complexes that are important for MT attachment to the cortex and kinetochores and for poleward transport of checkpoint proteins from the kinetochores at the metaphase/anaphase transition.
PAK4 depletion modulates dynein/dynactin complex localization Depletion/disruption of several members of the dynein/dynactin complexes or of interacting partners were shown to induce prometaphase arrest and spindle rotation, similar to PAK4 depletion. 16 --20 In control prometaphase cells, cytoplasmic dynein distributes to the spindle and to dot-like structures that are probably kinetochores (Figure 4a, arrowhead) . 15, 21 Kinetochore staining is lost at metaphase, as chromosomes become properly bioriented, and dynein/dynactin complexes migrate (Figure 4a , arrowheads) together with checkpoint proteins (data not shown), 22, 23 along MTs towards the poles and the cortex. In anaphase, dynein staining becomes diffuse and associates with the central spindle (Figure 4a, arrowhead) . In PAK4-depleted prometaphase cells, kinetochore staining was conserved (Figure 4a, arrowhead) , but a strong increase of spindle pole staining was also observed (arrow). In metaphase-like cells, very punctate dynein signal accumulated around the spindle pole region (arrowhead) and was enriched at specific foci (arrow). In addition, membrane blebs were from time to time decorated by not only dynein but also g-tubulin (data not shown). In spindles with lagging chromosomes, dynein localized along the MTs and to the spindle pole region, partially colocalizing with scattered g-tubulin signals, and to some extent to fibrillous structures, in close contact with chromosomes and the cell cortex (Figures 4a, arrowhead) .
As dynein staining is enriched at spindle poles in PAK4-depleted prometaphase cells, we asked whether its recruitment at the kinetochore was efficient. Prometaphase kinetochore-bound dynein interacts with Spindly and the RZZ complex through the ZW10 subunit. 24 The Zwilch subunit of the RZZ complex and Spindly localize to PAK4-depleted prometaphase kinetochores and remain bound to scattered chromosomes demonstrating that proteins involved in regulating dynein recruitment to the kinetochores are not affected by PAK4 depletion ( Supplementary  Figures 3A and B) . p150 Glued is part of the dynactin complex that links dynein to its cargoes, and is essential for most dynein functions, except its recruitment to the KT. In addition, p150
Glued with other CapGly plus-end MTs regulate astral MT interactions with the cell cortex 25, 26 and positioning of cortical dynein/dynactin complex to the cell cortex generates forces on astral MTs to position the mitotic spindle. 27 --29 In control and PAK4-depleted metaphase cells, p150
Glued localization to the spindle pole region was similar, but a fraction of p150
Glued also accumulated in PAK4-induced membrane blebs (Figure 4b, arrow) . In addition, we found that p150
Glued only poorly decorated astral MTs and their plus-end tips in PAK4-depleted cells (Figure 4c ). Western blot analyses show that mislocalization of p150
Glued and intermediate chain of dynein does not reflect a defective accumulation of these components in PAK4-depleted cells (Supplementary Figure 3C) .
Taken together, our results indicate that PAK4 depletion does not prevent the initial recruitment of proteins of the RZZ complex, nor of Spindly that are required for dynein localization at kinetochores. Both dynein and dynactin mislocalizations during mitosis could be the priming events for the observed loss of spindle anchorage to the cortex and loss of proper kinetochore bioriented attachment to MT in PAK4-depleted cells.
Phospho-cofilin (Ser3) rich membrane blebs in PAK4-depleted metaphase-like cells are not responsible for the defective mitotic phenotype Membrane blebs in metaphase-like PAK4-depleted cells are usually devoid of astral MTs. We thus wondered whether blebbing could initiate the PAK4 depletion-induced mitotic phenotype by disrupting the astral MT/cortex interaction, and cause spindle delocalization, rotation and loss of spindle tension.
Membrane blebs can be initiated by a rupture of the cortical actin network and often results from an overactivation of myosin II and actomyosin contraction (reviewed in Charras and Paluch 30 ). During mitosis, stabilization of cortical actin depends upon Lim Kinase 1 phosphorylation of the actin severing factor cofilin. 31 As PAK4 mediates cofilin phosphorylation (Ser3) during 32, 33 we analyzed its putative function on cofilin phosphorylation in mitosis.
Actin and phospho-cofilin localization were analyzed on serial images from Z stacks. Actin filopodia decorate the plasma membrane of control cells (Figure 5a, arrowhead) . In contrast, faint cortical actin staining decorated the blebs sprouting from the cell membrane as well as the base of the blebs in PAK4-depleted cells (Figure 5a, arrowhead) . Phospho-cofilin relocated throughout the cytoplasm of control metaphase cells (Figure 5a) . 31 Unexpectedly, phospho-cofilin was not lost but rather very enriched in the membrane blebs of PAK4-depleted cells (Figure 5A, arrow) . This was confirmed by a slight increase of total cofilin phosphorylation in PAK4-depleted and prometaphase enriched HeLa cells (Figure 5b) . The stabilization of phospho-cofilin, confirmed up to 180 min after NZ release, mimicked phospho-histone H3 and probably reflects the lengthened mitotic state induced by PAK4 depletion (Figure 5b) . Thus, unlike in interphase, cofilin phosphorylation is not affected by PAK4 depletion during mitosis. As PAK4 also regulates MRLC phosphorylation, 34 we treated the cells with blebbistatin, a myosin II inhibitor previously used to inhibit blebbing. 35, 36 The blebbing phenotype in PAK4-depleted cells was decreased from 80% (n ¼ 67) in mock-treated cells to 20% (n ¼ 40) following blebbistatin treatment. Phospho-cofilin was again found diffuse in the cytoplasm (compare with and without PAK4 regulates the mitotic spindle G Bompard et al blebbistatin, Supplementary Figure 4) . However, under these conditions, the lengthened mitosis (data not shown) and defective spindles (Supplementary Figure 4) still occurred. These results indicate that PAK4 regulates the actomyosin contraction pathway in mitosis, but that PAK4 depletion-dependent membrane blebbing is not responsible for PAK4 depletion-induced spindle defects.
DISCUSSION
Astral MTs and dynein/dynactin-dependent cortical pulling forces are major factors of an active surveillance mechanism that constantly regulates the correct positioning of the spindle in the center of mammalian cells. 29 Interfering with these pathways or micromanipulating the spindle position in the cell results in spindle rotation. In addition, bipolar attachment of kinetochores to MTs is required for the congression of chromosomes to the metaphase plate and normal transition to anaphase (reviewed in Musacchio and Salmon. 37 ) Taken together, these studies show that the tension the metaphase spindle must attain for proper chromatid separation depends upon both cortical forces on astral MTs and on kinetochore-mediated forces acting on spindle poles.
In this report, we show that PAK4 is required for the assembly of the metaphase spindle. Depletion of PAK4 leads to a metaphaselike long arrest that is characterized by spindle rotation and extensive blebbing. Ultimately, fragmentation of spindle poles and chromosome scattering occur with an active SAC. Interestingly, while chromosome congression appeared to be normal, PAK4-depleted metaphase-like spindles start to rotate, a phenomenon accompanied by extensive blebbing.
We asked whether blebbing could mechanically disrupt the interaction between astral MTs and the cell cortex, preventing the establishement of a stable astral MT array and inducing the observed spindle defects. The cortical actin network that is required for astral MTs anchoring is regulated by Lim kinase 1-mediated inactivation of the severing factor cofilin. In interphase, Lim kinase 1 is a PAK4 substrate 32, 33 and its depletion results in mitotic spindle rotation and spindle mispositioning. 31 However, we show that PAK4 does not regulate the phospho-cofilin level during mitosis nor the cortical actin network, as membrane blebs induced by the loss of PAK4 are rich in phospho-cofilin and present cortical actin at their base.
Blebbing often results from an overactivation of myosin II. Subgroup I PAK kinases may have opposite effects on myosin phosphorylation, as PAK1 can directly phosphorylate MRLC, 38 --40 but also can impede MRLC phosphorylation via the phosphorylation of MLCK. 41, 42 Much less is known about subgroup II PAKs, but PAK4 was recently shown to increase myosin contractility during FcgRmediated phagocytosis via phosphorylation of MRLC. 34 Here, we show that during mitosis, blebbistatin inhibits blebbing induced by the loss of PAK4, indicating that, as a subgroup I PAK, PAK4 can also negatively regulate myosin contractility. However, blebbing inhibition did not rescue PAK4 depletion-induced spindle defects, indicating that PAK4 targets several independent pathways during mitotic progression. We assume that membrane blebbing in PAK4-depleted metaphase-like cells is unlikely to be an early apoptotic event, as apoptotic membrane blebs are enriched in active cofilin and devoid of phospho-cofilin. 43 Instead, we propose that during metaphase, PAK4 may function in preventing premature blebbing, that normally occurs after anaphase onset to promote the generation of cortex/membrane required for cytokinesis. 44 Thus, blebbing is not the trigger that induces the spindle defects observed in PAK4-depleted cells.
Spindle positioning parallel to the substratum is dependent upon the integrin/Cdc42/PI3-kinase adhesion-mediated pathway, and PAK4 is involved in integrin-mediated cell adhesion and migration.
10,11 However, we hypothesize that the kinase is unlikely to regulate mitotic cell adhesion, as plating PAK4-depleted cells on fibronectin considerably reduced the levels of detached cells. In addition, disruption of the integrin pathway did not induce a persistent checkpoint signaling, 45, 46 as we observed after PAK4 depletion.
Instead, the localization of active PAK4 to the centrosome and to the metaphase plate and its function in the regulation of MT dynamics in Xenopus egg extracts 8 led us to analyze MT behavior in PAK4-depleted mitotic cells.
Our data show that both astral MT and MT/kinetochore attachment are defective in PAK4-depleted spindles. Although EB1 correctly tracked the plus-end of defective astral MTs, p150
Glued dynactin was strongly reduced at the MT plus-end tips. In addition, Dynein intermediate chain staining increased around the spindle pole region close to the cortex and decreased at the kinetochores of PAK4-depleted metaphase-like cells. Glued (red). The merge image shows that p150 Glued efficiently binds (arrowheads) to astral MTs in Luc-but not PAK4-depleted cell.
One of the consequences of the partial loss of proper localization of dynein and dynactin complexes in PAK4-depleted cells could be a reduced accumulation of centrosomal components that are involved in centrosome maturation, cohesion and MT anchoring in G2 47 --49 and could explain the poor astral MT network that we observe in PAK4-depleted mitotic cells. In this context, forces generated by the spindle could mechanically stress the PAK4-depleted centrosomes with insufficient cohesion and induce fragmentation of spindle poles.
Spindly is required for dynein recruitment at kinetochores and expression of spindly motif mutants also induces metaphase-like arrest 19 similar to PAK4 loss. This phenotype, that ultimately results in a scattering phenotype with active checkpoint, was characterized by the uncoordinated loss of chromatid cohesion or cohesion fatigue, that results from the pulling forces of dynamic MTs on bioriented kinetochores. 50, 51 Nonetheless, we show in this report that neither the kinetochore localization of Spindly nor of Zwilch subunit of the RZZ complex that is also required to anchor dynein at kinetochores are affected by PAK4 depletion.
In conclusion, our data indicate that during mitosis PAK4 regulates membrane blebbing, astral MTs, MT/kinetochore attachment and proper spindle tension. It is interesting to hypothesize that PAK4 could directly regulate dynein/dynactin complex activity by phosphorylation of one or several components of the complex. Dynamitin could be a potential candidate as this subunit of the dynactin complex is a substrate of drosophila PAK4 homolog MBT. 52 Dynamitin overexpression has been widely used to interfere with dynein activity, and moderate overexpression of dynamitin induces metaphase delays or arrest 16, 24 similar to PAK4-induced mitotic defects. Yet another possibility would be that PAK4 acts on both the MT nucleation activity/integrity of centrosomes and/or MT/KT attachment via its known substrate Ran. We previously showed that active PAK4 is located together with phosphorylated Ran at centrosomes and that PAK4 regulates MT nucleation activity induced by active Ran GTPase in Xenopus egg extracts. 8 Indeed, interfering with components of the Ran network can induce loss of centrosome cohesion and appearance of multipolar spindles. 53 --58 Thus, improper kinetochore attachment of MT in PAK4-depleted cells could result from reduced astral MTs, fragmentation of spindle pole and/or defective tension of the spindle. Alternatively, as active PAK4 is located on metaphase chromosomes 8 together with its substrate Ran, which is involved in SAC regulation 59 and stabilization of KT/MTs through HURP, 60,61 a PAK4/Ran pathway could regulate MT/kinetochore attachment.
In summary, we show that the oncogenic kinase PAK4 regulates mitotic progression and that this phenotype is not the consequence of defective cortical actin network. PAK4 depletioninduced mislocalization of components of dynein and dynactin complexes on the spindle could be a priming event for the loss of spindle anchorage to the cortex and proper kinetochore bioriented attachment to MT. Further investigations to identify the molecular targets of PAK4 on the spindle are ongoing and will greatly improve our understanding of spindle establishment and functions of PAK4 in tumorigenesis. vinculin (Sigma-Aldrich, Saint-Quentin Fallavier, France), p150
MATERIALS AND METHODS
Reagents and antibodies
Glued Aurora B (AIM-1), BubR1 (BD Biosciences, Le Pont de Claix, France) and rabbit antibodies directed against phospho-histone H3 (Ser10, Millipore, Saint Quentin en Yvelynes, France), Survivin (Cell Signalling), Cofilin (Cystoskeleton), phospho-Cofilin (Ser3, Santa Cruz) were used. Human anti-nuclearCentromere (CREST) antibodies were purchased from Europa Bioproducts (Cambridgeshire, UK). Spindly and Zwilch antibodies were kind gifts of, respectively, Dr A Desai and Dr A Musacchio. Rabbit polyclonal anti-PAK4 antibodies were described previously.
14 Rabbit polyclonal antibodies against Cdc27 62 and g-Tubulin were, respectively, gifts from T Lorca and V Baldin (Montpellier, France). Polyclonal antibodies against b-Tubulin were a generous gift from Jose M Andreu (Centro de Investigaciones Biolgicas, Madrid, Spain).
DNA constructs
Coding sequences for GST and PAK4 wt were cloned into pRK5-HA, a gift from LM Machesky (Glasgow, UK), by a PCR approach using, respectively, pGEX-4T1 and pEGFP-C1 PAK4 wt as templates. 8 Cell lines, immunofluorescence and synchronization HeLa and HeLa H2B --GFP were maintained in Dulbecco's modified Eagle's medium supplemented with 10% FBS and antibiotics.
Immunoflurorescence experiments were performed as described. 8 Briefly, cells were fixed in methanol for 5 min at À20 1C or pre-extracted in PHEM (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 1 mM MgCl 2 , pH 6.9) buffer containing 0.2% Triton-X100 for 30 s prior methanol fixation for dynein staining using antibody directed against the intermediate chain.
Secondary antibodies conjugated to Alexa 488 and 555 (Invitrogen, Cergy Pontoise, France) or fluorescein isothiocyanate (FITC, Sigma-Aldrich) were used. F-actin and DNA were, respectively, stained with phalloidin-Atto 647 and 4 0 ,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich). Cells were mounted in mowiol-containing ascorbic acid.
HeLa cells were synchronized in prometaphase using NZ as previously described. 8 siRNA and rescue siRNA were transfected into HeLa cells using Lipofectamine RNAiMAX (Invitrogen) according to manufacturer's instructions. Proteins were targeted with the following sequences: PAK4 with 5 0 -GGUGAACAUGUAU GAGUGU-3 0 and luciferase with 5 0 -CGUACGCGGAAUACUUCGA-3 0 . The PAK4 targeting sequence is a predesigned sequence recommended by Ambion's company (Ambion, Life Technologies, Courtaboeuf, France) and is located 344 nucleotides after PAK4 stop codon, absent from pRK5 HA-PAK4 wt construct. Consequently, the expressed mRNA is not sensitive to the designed siRNA. To evaluate mitotic progression in absence of PAK4, 24 h after siRNA transfection, cells were first incubated in medium containing 2.5 mM thymidine for 24 h and then released for 16 h in medium containing 40 ng/ml NZ. Prometaphase-arrested cells were collected by shake-off and lysed in RIPA derived lysis buffer (10 mM NaH 2 PO 4 , 100 mM NaCl, 5 mM EDTA, 1% Triton-X100, 0.5% NP-40, 80 mM b-Glycerophosphate, 1 mM DTT, 50 mM NaF, 1 mM Na 3 VO 4 and protease inhibitor cocktail).
MTT cell proliferation assay
Supernatants from siRNA transfected HeLa cells cultured on uncoated dishes were collected 72 h after transfection, transfered to fibronectin coated dish and left to adhere 2 h at 37 1C. Vybrant -MTT reagent (Invitrogen) was added into the medium for 5 h following manufacturer's instructions. Cell viability was then evaluated by reading absorbance at 570 nm using an EL 808 absorbance microplate reader (Biotek, Colmar, France).
Time-lapse microscopy
Time-lapse microscopy of HeLa H2B --GFP, grown on fibronectin or not coated surface, after 72 h siRNA transfection was performed using Leica DMIRE2 microscope with a LMC 20 Â 0.4 lens and appropriate filters (Leica, Nanterre, France). Images were recorded with a cooled CCD Micromax camera (Princeton Instruments, Evry, France) driven by MetaMorph (Molecular Devices, Wokingham Berkshire, UK).
Fixed cells microscopy
Fixed cells and MT structures were viewed using a Zeiss Axioimager Z1 with Zeiss Â 63 plan-apochromat 1.4 oil lenses. Micrographs were either collected using a Coolsnap HQ2 CCD camera (Roper Scientific, Evry, France) driven by Metamorph 7.1 software (Molecular Devices) (MT structures) or using an Axiocam Mrm camera (Zeiss, Le Pecq, France) with a structured illumination model (apotome) driven by Axiovision software (Zeiss).
Spindle angle measurements
Spindle angles measures derive from the measures of spindle poles positions that were taken from fixed and immunostained adherent cells. Poorly adherent cells were always lost at the washes and fixation steps unless they were centrifuged on the coverslip prior fixation.
To determine spindle angles, z-stack images were acquired from 0.24 mm thick sections of metaphase (Luc-) and metaphase-like (PAK4-) those were immunostained with anti g-tubulin and anti b-tubulin antibodies. An imageJ software macro was developed to measure, the linear and vertical distances between the two poles of the spindles and the resulting spindle angle by inverse trigonometric function. ABBREVIATIONS PAK4, p21-activated kinase 4; MT, microtubules; KT, kinetochore; SAC, spindle assembly checkpoint.
